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Introduction
The European Metrology Research Programme (EMRP) joint project 'Implementing the new kelvin' (InK) [1] was focused on preparing the temperature metrology community for a comprehensive and effective redefinition of the kelvin [2] . One part of that project was devoted to examining two proposed methods for realizing and disseminating thermodynamic temperatures above 1234 K. This was in parallel and in conjunction with international experimental work devoted to assigning thermodynamic temperatures to the liquid-solid phase transition of high-temperature fixed points (HTFPs) [3] [4] [5] . The research reported here was conducted to evaluate the efficacy of two different methods of disseminating thermodynamic temperature at high temperatures.
The two methods are elaborated in the text for the mise-en-pratique for the definition of the kelvin (MeP-K) [6, 7] . These allow for the dissemination of thermodynamic temperature directly through a radiometer traceable directly to the radiant watt or indirectly through HTFPs whose thermodynamic temperatures have been assigned either a priori or though calibration. In principle these two methods give similar uncertainties and it is therefore important, for user confidence, to evaluate the two approaches in terms of practicality and actual achievable uncertainty levels. In order to assess experimentally these two dissemination schemes (commonly referred to as detector-based (calibrated radiometers) or source-based (HTFPs), respectively), practical trials of both approaches were organized in the form of comparisons.
The source-based dissemination scheme was evaluated using a set of HTFP blackbody cells at the eutectic solid-liquid transitions of Co-C (approx. 1597 K), Pt-C (approx. 2011 K), Ru-C (approx. 2226 K) and Re-C (approx. 2747 K). Eight HTFP cells were supplied by NPL and LNE-Cnam. The melting (i.e. the point of inflection of the melt 1 ) ITS-90 2 temperatures of the cells were first measured at LNE-Cnam and then four of them were circulated between CEM, PTB, TUBITAK UME and NPL. The four circulating HTFP cells were then compared with those remaining at LNE-Cnam to check their stability. Each participant reported the melting temperatures measured in their facilities according to ITS-90.
The objective of this trial was to determine experimentally the level of uncertainty achievable with HTFP cells operated in different conditions and measured by different methods all traceable to the national reference of temperature, i.e. the ITS-90 above the silver point. These uncertainties and equivalence levels give an objective estimate of the dissemination uncertainties (and hence the effectiveness of using HTFPs for temperature dissemination) possible through using HTFPs with assigned thermodynamic temperatures.
In parallel, the detector-based dissemination scheme was evaluated through transport of absolutely calibrated radiometers/radiation thermometers to a central institute for comparison (PTB). There were four participants in this study PTB, MIKES, CEM and LNE-Cnam. Each 1 Hereafter referred to as the melt or melting temperature. 2 ITS-90 is the International Temperature Scale of 1990 (details in [8] ). This temperature scale was used to show the efficacy of the dissemination process. Once this has been demonstrated then in future thermodynamic temperature, T, could be assigned to the HTFP cells and disseminated with equal effectiveness. 
participant characterized and calibrated their travelling radiometers/radiation thermometers before and after the comparison. The comparison was performed through using the devices to determine the thermodynamic temperature of a variable-temperature blackbody between 1273 and 2773 K in about 200 K steps.
This latter trial was intended to evaluate the uncertainties which could be obtained while disseminating thermodynamic temperatures through circulating absolutely calibrated radiometers or radiation thermometers and identify the main advantages and difficulties in using these instruments as dissemination artefacts.
In this paper, a critical examination of the two approaches is reported, along with recommendations to the Consultative Committee for Thermometry Working Group on NonContact Thermometry (CCT-WG-NCTh) regarding the two means of realizing and disseminating thermodynamic temperatures at high temperatures.
Context of the research
Research into HTFPs has been very active during the last 15 years [3] following the first publications about new potential high-temperature references above the highest fixed-point temperature of the ITS-90 (the freezing point of copper) [9, 10] . Shortly after, numerous studies on HTFPs were initiated and the first concerted projects started in Europe [11, 12] , more widely under the auspices of the Consultative Committee of Thermometry [13, 14] and latterly through the InK project [1, 15] .
The redefinition of some units in the international system of units (the SI) is in an advanced state and likely to be in place by 2018 [16] . In the redefinition, each unit will be linked to an associated relevant fundamental constant. For temperature whose unit is the kelvin, the current definition, based on the triple point of water, will give way to one based on a defined value of the Boltzmann constant [2] . Moreover, the MeP-K will allow direct thermodynamic temperature measurement and dissemination over the whole temperature range [7] though it is clear that this will be practically implemented at the extremes of temperature first (i.e. below around 1 K and above approx. 1300 K). In view of this momentous change, practical realizations of the redefined unit will need to be developed, evaluated and qualified.
A joint research project, 'InK', funded by the EMRP was launched in September 2012 to prepare for the implementation of the new definition of the kelvin. The project covered a very wide range of temperatures starting at around 1 mK above absolute zero to temperatures above the Cu freezing point (1357.77 K). In the high-temperature range, there were two main objectives: assigning thermodynamic temperatures to a set of selected HTFPs (results reported in this volume by Woolliams et al. [5] ) and evaluating the possibilities of the disseminating thermodynamic temperature using known-temperature artefacts, either absolutely calibrated radiometers or a number of HTFPs with known temperature. This part of the InK project is a continuation and expansion of the (CCT-WG-NCTh) concerted research project dedicated to HTFPs [14] .
In the framework of the CCT activities, the main performance characteristics and capabilities of HTFPs were assessed in order to validate them as temperature references: long-term stability, impurity effects, thermal effects and structural effects were all examined and quantified [3] . Several studies were conducted leading to important results which showed that three HTFPs, Co-C, Pt-C and Re-C, were suitable candidates to become future temperature references either in a new temperature scale or, in the frame of an updated MeP-K as references of thermodynamic temperature suitable for temperature dissemination purposes. These were therefore the three HTFPs considered in this study to test the practicality of the thermodynamic temperature dissemination scheme proposed in the MeP-K. In addition, a fourth HTFP, the Ru-C point, was included to fill the gap between Pt-C and Re-C and, as it has been less investigated than the other fixed points, to introduce an element of blindness to the dissemination exercise.
In addition, the MeP-K envisages an alternative dissemination route for high temperatures. This is by radiometers calibrated directly in terms of absolute radiometry without any recourse to rsta.royalsocietypublishing.org Phil. Trans 
fixed points. This dissemination route was also evaluated. The research reported here for the first time provided an objective assessment of both dissemination approaches proposed in the MeP-K.
Dissemination of high temperatures with high-temperature fixed points
The trial dissemination of high temperatures was based on circulating a set of HTFPs among five national metrology institutes (NMIs): LNE-Cnam (France), CEM (Spain), PTB (Germany), TUBITAK UME (Turkey) and NPL (UK).
(a) The high-temperature fixed-point cells
The HTFPs used in this work were not constructed specifically for this activity; they were supplied by two participants, NPL and LNE-Cnam, and taken from their already constructed cells.
Two batches of cells were formed comprising one cell for each fixed point: Co-C, Pt-C, Ru-C and Re-C. One batch was kept in LNE-Cnam as the reference batch and the other batch was circulated among the participants. Before the cells were sent to the participants, the circulating batch was compared to the reference batch. This initial comparison, performed at LNE-Cnam, made a link between the two batches of cells. This was necessary so as to test HTFP stability during the circulation (through comparison between the two batches after the circulation was completed) and, if required, to replace a cell in case of breakage without completely losing the all-important linkage to the reference cells. Cells 7Co1 and PT2006-2 broke during the circulation process after the measurements at PTB and prior to the measurements at TUBITAK UME. The two broken cells were replaced by new cells: 7Co6 and 6Pt2, respectively, and compared to the reference cells before being introduced into the circulation.
These breakages highlight two things. Firstly, as was already known, the early design of HTFP cells had robustness issues. Secondly, that even when the most robust up-to-date cell design was used, the so-called hybrid design (introduced by LNE-Cnam), there are potentially still robustness issues with Co-C. Figure 1 shows how the features of HTFP cells have evolved during the last 15 years.
Earlier studies have shown that HTFPs have good long-term stability for the hybrid cell design [17, 18] . Our study also confirms that past robustness issues have effectively been dealt with and HTFP cells can be considered as reliable and efficient artefacts for comparison purposes.
At the end of the dissemination trial, once all the participants had measured the melting temperatures of the cells, a final comparison of the circulating and reference batches of cells was performed to quantify the potential drift of the circulating cells. The method used for this comparison requires two similar furnaces and a third set of HTFP cells. This method allows a low uncertainty determination of the difference between the melting temperatures of two cells avoiding furnace effects and minimizing the risk of undetected drift of the radiation thermometer used for the comparison [18] . Table 2 summarizes the magnitude of the drift of the circulating cells derived from their comparison to the reference cells. The two broken cells could not be assessed for drift. The drift of the replacement cells was assessed over the last three measurements at TUBITAK UME, NPL and LNE-Cnam.
Although the drift is significant in the case of cells 7Co6 (just) and 6Pt2 it can, in all cases, be considered as negligible in comparison to the uncertainties of the temperature determination declared by the participants to the study. The HTFP cells were implemented in a Chino IR-R80 furnace [19] with settings corresponding to +15 K to +25 K above the melting temperature. The furnace was baked prior to the installation of the cells and the order of the measurements was from the highest to the lowest temperature in the following sequence: Re-C, Ru-C, Pt-C and Co-C. The optimum positions of the cells inside the furnace were determined by a preliminary study of the temperature uniformity of the furnace and its effect on the plateau shapes and melting temperature level [20] .
Two types of measurements were performed at LNE-Cnam: the comparison of the circulating batch of cells (including the replacement cells) to the reference batch of cells and the measurement of the actual ITS-90 temperatures of the melting point of the circulating cells (4Re1, InKRu1, Pt2006-02 and 7Co1).
(
ii) Determination of the cell melting temperatures
The determination of the melting temperatures of the cells was performed using a KE LP5 radiation thermometer equipped with a silicon photodiode detector, with known spectral responsivity, low size-of-source effect (SSE) and excellent linearity. This radiation thermometer uses an interference filter centred at 795 nm.
The melting temperatures of the HTFPs were determined using the comparison to an ITS-90 defining fixed-point blackbody (in this case the freezing point of copper) and corrected for the SSE. The correction due to nonlinearity is not significant.
The HTFP temperatures are obtained by a numerical calculation solving the following formula: 
(c) Measurements at CEM (i) Operational conditions and furnace assembly
The HTFP cells were installed in an IR-R80 CHINO furnace [19] .The furnace was baked, before the installation of the cells, with an Ar and He purge for about 1 h, at approximately 2300 K, for the Co-C, Pt-C and Ru-C cells and at 2800 K in the case of the Re-C. The cells were installed in the furnace wrapped in graphite felt (a different wrap for each cell). The furnace window was removed during each measurement and a flow of nitrogen maintained during the measurements. (ii) Determination of the cell temperature
The fixed-point cells were placed in the most homogeneous part of the furnace. This place was determined previously using CEM HTFPs: the best place identified where the longest duration and sharpest ending of the melting plateau were obtained. The thermometer used for measuring the HTFP temperatures was a KE LP2 [21] standard radiation thermometer. The thermometer reference photocurrent was calibrated just before the measurements with a Cu freezing point blackbody. The temperatures were obtained by extrapolation using the relative spectral response of the thermometer which was also measured just before the measurements. The linearity and the SSE of the thermometer are known and they were included in the uncertainty budget and used as corrections.
The Cu freezing point blackbody was measured again after the measurements and the difference between the start and end of the measurements was 0.04 K. This value is lower than the drift value for the thermometer considered in the uncertainty budget (0.1 K).
The melting temperature assigned to each HTFP was the mean of at least three realizations. The point of inflection was obtained from the minimum of the derivative of the third-order polynomial fitting of the melting curve [22] , the dispersion of which is included in the uncertainty budget. The melting temperatures as determined by CEM are given in table 4.
(d) Measurements at PTB (i) Operational conditions and furnace assembly
The furnace used for the measurements was a Nagano VR10-A2 (similar to the one described in [19] ). For each fixed-point cell, the furnace was baked according to the protocol supplied with the cells on the day before the fixed-point cell installation and measurement. The measurement sequence was as follows: Re-C, Co-C, Ru-C and Pt-C, over 2 days for Re-C and 1 day for the other points. The furnace set-points ranged from +5 K to +30 K to initiate the melts and from −15 K to −45 K to initiate the freezes.
(ii) Determination of the cell temperature
The HTFP cell temperatures were determined using an LP3 linear pyrometer (similar to the CEM LP2) with a nominal wavelength of 650 nm and measurement distance of 700 mm. Traceability to the ITS-90 was established by determining the linear relationship between the output signal of the detector and the spectral radiance of the measured source. For calibration, the high-temperature blackbody radiator BB3200 pg (HTBB) [23] was used as a transfer standard source of thermal radiation. The radiation thermometer was focused onto the entrance aperture of the HTBB. Determination of the temperature of the HTBB with respect to the PTB primary standard gold fixed-point blackbody yielded a temperature traceable to the ITS-90. For calibration purposes, temperatures were measured every 200 K in the range from 1300 K to 3000 K. The resulting photocurrent I Ph versus temperature T curve was fitted with the following equation (3.2): Significant uncertainty components were those associated with the ITS-90 realization, the repeatability of the melting temperature, identification of the point-of-inflection during the melt and the SSE.
The melting temperatures of the HTFPs derived from these measurements are summarized in table 5 .
(e) Measurements at TUBITAK UME (i) Operational conditions
The HTFP cells were realized using a VNIIOFI (All-Russian Research Institute for Optical and Physical Measurements) made BB3500 pg [24, 25] high-temperature blackbody furnace. This furnace is equipped with a cylindrical radiator consisting of pyrolytic graphite rings and is heated by a direct current flowing through these rings.
The melt and freeze plateaus were performed using a VNIIOFI-made radiation thermometer, Transfer Standard Pyrometer (TSP-2) at both 650 and 900 nm nominal wavelengths. TSP-2 is equipped with adjustable focus assembly from 400 to 1100 mm and minimum target size is 0.6 × 0.8 mm.
(ii) Determination of the HTFP melt temperatures
The TSP-2 was calibrated at TUBITAK UME according to the ITS-90 definition, using a gold fixedpoint blackbody. Calibration of the TSP-2 and measurement of the HTFPs were performed at a focal distance of 600 mm. The measurements performed at 900 nm were reported due to better drift characteristics of the TSP-2.
Prior to the HTFP cell measurements, an empty graphite cell holder was placed inside the furnace, and furnace uniformity measurements were performed along the heater rings using the TSP-2 at all of the HTFP temperatures. After finding the optimum position for all of the four temperatures, the cell holder carrying the HTFP cell was positioned at the determined positions and plateau measurements were performed.
In order to overcome possible drift of the TSP-2 due to exposure to high temperatures; the Au fixed-point measurement was repeated three times and relative spectral response measurement four times. Various ITS-90 scales were calculated using these spectral responsivity and Au signal combinations. T 90 values of the HTFPs were reported as the average of the temperatures calculated from the scales before and after the HTFP measurement, and the difference between these two temperatures was accounted for in the uncertainty budget as the short-term drift uncertainty component of the TSP-2.
The melting point temperatures of the HTFPs (averaged over several melts) are summarized in table 
(f) Measurements at NPL (i) Operational conditions and furnace assembly
The HTFP cell measurements were carried out in a Chino furnace type IR-R80 [19] . The furnace was pre-treated in order to avoid contamination from graphite parts and insulation. Separate previously baked graphite washers were installed next to each type of cell. Where measurements were made over more than 1 day, the cell was moved and repositioned prior to the start of the next day's measurements. The measurement order for the cells measurements was Re-C (4Re1) and Ru-C (InKRu1). The supplied Pt-C cell (Pt200602) and Co-C cell (7Co1) were found to be broken and so were not measured. Replacement cells were provided and these were measured some five months after the previous two cells in the order Pt-C (6Pt2) then Co-C (7Co6).
The melting temperature of the cells was determined using an IKE Linear Pyrometer LP3, operating at 650 and 903 nm, according to the definition of the ITS-90, namely using Planck's law in ratio form with reference to a blackbody cavity at the freezing point of Cu. The LP3 was characterized in terms of relative spectral response, linearity and SSE. Uncertainty components associated with these quantities, and also the calibration at the Cu freezing point, were included in the radiation thermometer uncertainty budget.
The measurements of the melting temperatures of the HTFPs were mainly performed at 650 nm, with some additional measurements carried out at 903 nm.
The determination of the point of inflection of the melt was carried out by two different methods and the difference in the point of inflection values calculated by the two methods has been included as a component of uncertainty in determining the cell temperature.
The melting temperatures of the HTFPs as measured by NPL (and averaged over several melts) are summarized in table 7.
(g) Comparison of the results
The main uncertainties reported by the participants were related to the ITS-90 scale realization and to the repeatability of the realization of the melt. Figures 2-5 of the participants at each fixed point. The difference between the circulating cells in case of replacement was considered and taken into account in the case of the Pt-C HTFP. Indeed, the replacement cell 6Pt2 showed a melting temperature higher by 89 mK ± 25 mK than that of the original circulating cell Pt2006-2.
The agreement of the temperature determinations is within 0.5 K at the Pt-C and Ru-C points and within 1 K at the Co-C and Re-C points. The main sources of discrepancy in the results, besides the scale realization, are possibly related to the so-called furnace effect which would result in differences in the melting temperatures, as determined at the point of inflection of the melting rsta.royalsocietypublishing.org Phil. Trans plateau, with changing furnace conditions. This effect, due to the temperature distribution as well as to the thermal inertia of the furnace, is still under study at the international level and is likely to represent one significant source of uncertainty in the use of HTFPs. Early studies have shown that it can induce uncertainties at the level of 0.1 K at the Re-C point [11] .
Dissemination with radiation thermometers or filter radiometers
The MeP-K [6, 7] describes four different approaches for realizing thermodynamic temperature at a high temperature using absolute radiometry: (i) irradiance approach, (ii) radiance approach, (iii) hybrid approach and (iv) power approach. While there are other possibilities, these are the four in most common use around the world. In this work, two of these methods are compared as realized by PTB, LNE-Cnam, MIKES and CEM.
(a) Calibration of the radiometers/radiation thermometer in the participating laboratories (i) Calibration of the radiation thermometer at PTB PTB has calibrated an LP3 radiation thermometer in terms of thermodynamic temperature by comparison to a filter radiometer with a centre wavelength of 650 nm. To achieve this calibration, a high-temperature blackbody furnace HTBB3200 pg was used at 10 temperature points between 1300 K and 2900 K. The furnace temperature was determined from the spectral irradiance measurement with a filter radiometer, with the measurement geometry being defined by the apertures used in front of the filter radiometer and the blackbody furnace. While such a calibration method is well established, a good temperature uniformity across the furnace opening has to be achieved to reach a low uncertainty. A fit according to Jung & Verch [26] (or Sakuma & Hattori [27] ) was subsequently used to interpolate photocurrent to temperature for the radiation thermometer. More details of this calibration approach are given in §3(d).
(ii) Calibration of the radiation thermometer at LNE-Cnam LNE-Cnam calibrated an LP3 radiation thermometer in terms of thermodynamic temperature using a set of HTFP cells which had been calibrated in terms of thermodynamic temperature using a dedicated absolute radiometric sprectroradiometer [28, 29] . The HTFP cells used for the calibration of the LNE-Cnam LP3 radiation thermometer had the assigned thermodynamic temperatures given in table 3 . For the calibration, Co-C, Pt-C and Re-C HTFPs were measured with additional measurements at the Cu freezing point, before and after the measurements at PTB. Using a Sakuma-Hattori fit [27] algorithm, a relation was established between the photocurrent and the thermodynamic temperature.
The assigned thermodynamic temperatures of the HTFPs were assumed to not have changed during this period. A temperature drift of +77 mK, −70 mK, −116 mK and −400 mK, for Cu, Co-C, Pt-C and Re-C, respectively, were observed between the two calibrations of the LNE-Cnam LP3 with the fixed points. This was assumed to be due to the drift of the LP3. For the measurements at PTB, the thermodynamic temperatures were corrected by half of this drift and an additional contribution was added to the uncertainty budget.
(iii) Calibration of a filter radiometer at MIKES
MIKES provided a filter radiometer FR800, which consisted of a single silicon photodiode, an interference filter with nominal wavelength of 800 nm and a 4 mm precision aperture. The relative and absolute responsivity of the diode and filter were measured with a reference spectrometer of Aalto University [30] by comparing the output of the detector with a trap detector traceable to the cryogenic radiometer of the Swedish NMI (SP). The filter radiometer was calibrated before the comparison in September-October 2014 and after the comparison in April 2015. The uncertainty of the spectral responsivity calibration was 0.4% (k = 1).
After transport of the filter radiometer to PTB (i.e. after the first calibration), the filter radiometer needed to be opened because of loose wires. Later a drift corresponding to 0.4 to 1.8 K in temperature was observed between the calibrations. The area of the precision aperture was measured with an optical coordinate measurement machine [31] in 2013. The uncertainty of the aperture diameter was 2 µm (k = 1). The temperature of the filter was controlled and stabilized to 25 • C with a Peltier element and Pt1000 sensor.
In addition to the components of the filter radiometer, for this measurement approach uncertainties in the blackbody defining aperture area, distance, emissivity, signal measurement and diffraction must be included in the overall measurement uncertainty. (iv) Calibration of the radiation thermometer at CEM CEM used a standard radiation thermometer (LP4) calibrated before the measurements at PTB using Ag, Cu, Co-C, Pt-C and Re-C fixed points. The HTFP temperature values used for the calibration originate from the thermodynamic temperature values reported in InK-WP1 [5] . Alternatively, ITS-90 values reported in literature and the CCT/10-12 document [32] can be used. Two independent least-square fits were performed, using the Planckian Sakuma-Hattori equation [27] , with the InK-WP1 and CCT/10-12 temperature values respectively. The residuals of each fit were 0.39 K [33] .
After measurements at PTB, the thermometer was calibrated again. However, as the fixedpoint furnace was not available this time, only Cu and Co-C fixed-points were measured and additionally the relative spectral response (i.e. an ITS-90 calibration). The observed differences between the two calibrations were 0.07 K at Cu and 0.04 K at Co-C, and the observed difference in the effective mean wavelength was 0.1 nm. This observed difference λ eff = 0.1 nm corresponds to a maximum error of 0.38 K at 2770 K, i.e. 0.015% in spectral radiance.
(b) Comparison of the instruments
The above-mentioned instruments were transported to PTB in January 2015. The radiation thermometers of LNE-Cnam and CEM were shipped by a carrier. The MIKES filter radiometer was hand-carried.
At PTB, the instruments were set up on a moveable stage in front of two furnaces of PTB; a variable high-temperature blackbody furnace HTBB 3200 pg with a 20 mm precision aperture and a Cu fixed-point blackbody. Table 8 gives details about the furnaces.
The furnace temperature of the HTBB 3200 pg was varied to 10 temperature points between 1275 K and 2770 K. At each temperature point, after reaching the set-point temperature and waiting 20 min for the temperature to stabilize, the four instruments measured the radiance temperature of the furnace.
Additionally, a commercial copper fixed-point blackbody radiator was used to compare the temperature measurements between the three radiation thermometers and to check their stability each day.
(c) Measurement uncertainty
The participants reported an uncertainty for the calibration of each of their instruments (radiometer or radiation thermometer). The values for measuring temperatures between 1275 K and 2770 K are listed in table 9 .
Besides the uncertainties reported by the participants, additional uncertainty contributions due to the comparison itself needed to be considered. They are common to all participants, such as stability of the high-temperature furnace during the measurements at one temperature, emissivity and the effect of furnace non-uniformity for the radiation thermometers. For the radiation thermometers of PTB, LNE-Cnam and CEM, these contributions were dominated by the furnace stability and non-uniformity, and amounted to 0.07 K at 1275 K and 0.08 K at 2770 K Table 9 . The calibration uncertainty for temperature measurement reported by the participants. (both at k = 1). For the filter radiometer, further uncertainty components arise from the distance measurement between the furnace aperture and the instrument, the uncertainties in blackbody defining aperture area, and the photocurrent measurement using a PTB calibrated amplifier and from diffraction at the apertures. As the filter radiometer and the radiation thermometers see significantly different areas of the graphite backwall of the furnace a correction must be applied for the measured radiance non-uniformity (figure 6). For the filter radiometer, this area is of around 27 mm in diameter, for the radiation thermometers (which are all very similar in measurement distance and size of the measurement spot), the radiation is collected from an area of around 7 mm in diameter. To evaluate the influence of this difference, a radiation thermometer was used to scan across the furnace aperture as the exact distribution of the radiation field or temperature uniformity inside the furnace is difficult to determine experimentally. A 20 mm precision aperture is used in front of the furnace and while the filter radiometer 'sees' this area completely, for the radiation thermometer the measurement spot size is only of around 1 mm when focused on the plane of the aperture. Assuming the distribution is radially symmetric, the average radiance over the aperture can be determined by integration and compared to the radiance level at a central position where the focus of the radiation thermometers is located. The difference amounts to about 0.38% (the filter radiometer systematically measures a higher temperature), which corresponds to 1.66 K at 2800 K at a wavelength of 800 nm. Table 10 . Relative uncertainty components (k = 1) for the spectral irradiance measurement of the HTBB using the MIKES filter radiometer. In table 10, the additional relative uncertainty components (k = 1) for the MIKES filter radiometer are listed.
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Combined with the uncertainty due the furnace temporal stability of 0.1 K, the relative uncertainty components in table 10 result in a comparison uncertainty (k = 1) for the filter radiometer between 0.12 K at 1275 K and 0.25 K at 2770 K. These uncertainties are in addition to the uncertainties given in table 9.
(d) Comparison results
The measured temperatures and the combined uncertainties relating to the calibration of the instruments and to the measurement in front of the high-temperature furnace are given in table 11 and figure 7. In the whole temperature range between 1300 K and 2800 K, the agreement between the four instruments was better than 1 K and the temperatures agree within the estimated uncertainties.
It is worthwhile to note that for the CEM radiation thermometer, reported ITS-90 temperature values for the HTFPs from the literature can be used as an alternative calibration. Comparing these two datasets, a systematic difference between the reported values of Co-C, Pt-C and Re-C can be observed as is displayed in figure 8 . Using the ITS-90 temperatures for the HTFPs used 
Discussion
The results of this study have shown that both dissemination schemes (via HTFPs or via calibrated radiometers) can, with care, be applied successfully with comparable achievable uncertainties. These results also show that it is already possible to use HTFPs to disseminate the scale with relatively low uncertainties. It would be a relatively simple process to have the temperature of two or more HTFPs assigned by a NMI and then sent to the user who would only need a suitable high-temperature furnace and radiation thermometer (for the interpolation) in order to achieve a low uncertainty temperature scale in his organization.
To reduce further the uncertainties in the source-based (i.e. HTFP) dissemination approach, some sources of uncertainty need more detailed investigation. The two main remaining ones are associated with the interaction of the HTFP cell with the furnace. Differing furnace thermal inertias (probably the source of the so-called furnace effect) and temperature profiles are likely to result in slightly different melting temperatures contributing additional uncertainties of the order 0.1 K to a few 0.1 K. The latter effect may be minimized by ensuring the HTFP cell is placed in the region of most uniform temperature as an earlier study has shown [20] .
An additional significant source of uncertainty may originate from the determination of the Sakuma-Hattori fit coefficients when a radiation thermometer is calibrated in terms of thermodynamic temperature using these dissemination artefacts. This source of uncertainty can be reduced to negligible proportions provided the approach is restricted to the use of only narrow-band radiation thermometers (10-20 nm maximum) ensuring small residuals to the fit of temperature and photocurrent.
Finally, it will be very important to check the quality of the cells used as thermodynamic temperature dissemination artefacts. Indeed, the thermodynamic temperatures assigned in a large international effort [5] to HTFPs represent the melting temperatures of the best available cells to date [40, 41] . It is probable that ordinary cells constructed with less pure materials or having an imperfect/incomplete filling will not demonstrate the same melting temperature level nor plateau quality or repeatability. Further studies will be needed to assess the necessary uncertainties to be added to the thermodynamic temperature uncertainty as derived in [5] from multiple independent determinations.
Concerning the dissemination with absolutely calibrated radiation thermometers and filter radiometers (i.e. the detector-based approach), it should be noted that the stability of the instruments was satisfactory (i.e. drift within 0.5 K), except for the filter radiometer of MIKES which showed temperature equivalent drifts of 0.4-1.8 K over the range 1273-2773 K. However, the latter was probably due to the repair of the instrument after an open circuit was detected upon arrival at PTB.
However, the detector-based approach has some drawbacks. Firstly, the stability and fragility of the instruments is probably the main drawback of this method. It is to be doubted that if the radiometers/radiation thermometers had been circulated as much by post as had been the HTFPs whether the drift would have been as small as was observed. Also in the case of the irradiance mode being used (i.e. with a straightforward filter radiometer), the method also requires a uniform and high-emissivity furnace for the transfer of the (thermodynamic) temperature scale to a radiation thermometer.
To summarize, the advantage of the HTFP dissemination scheme is the stability of the HTFPs which is thought to be much more achievable than the stability of radiation thermometers or filter radiometers. On the other hand, using radiation thermometers or filter radiometers as the means of thermodynamic temperature dissemination does not require HTFPs and specially adapted furnaces, which could be an advantage for some NMIs. However, if the detector-based scheme was used then great care would have to be taken to allow for the possibility of unknown drifts in the output of the radiometer, and a HTFP should be used periodically to check the stability of the transfer radiometer. 
Conclusion and recommendations
Two exercises for the dissemination of thermodynamic temperature at high temperatures were run in the frame of the EMRP project 'InK'; one with HTFPs points and the other, for the first time, with absolutely calibrated radiation thermometers and a filter radiometer.
These two trials have allowed participants to identify the main difficulties in the dissemination of the scale by both approaches and the largest sources of uncertainty. The overall objective of assessing the possibilities offered by each of these dissemination schemes has been reached.
While the dissemination of thermodynamic temperatures based on HTFPs will need to account for the effects of the thermal conditions experienced by the HTFP cells in different kinds of high-temperature furnaces, dissemination using radiation thermometers can be influenced by the (unknown) lack of stability of travelling radiation thermometers. On the whole, while the dissemination of thermodynamic temperature is more direct by a radiometer or absolutely calibrated radiation thermometer its dissemination by HTFPs is more secure because they are effectively driftless artefacts.
We therefore recommend the following:
(i) HTFPs can be used to disseminate either the ITS-90 scale or thermodynamic temperature from NMIs to users with uncertainties at least comparable with current approaches.
-However, considering that this study (along with others) has shown that there are still some ill understood effects due to the interplay of the furnace and HTFP cell, namely thermal inertia and furnace uniformity, it is clear that if the lowest uncertainties are to be obtained in the dissemination of temperature by this route, these effects need further study and in particular quantification.
(ii) Filter radiometers and radiation thermometers, directly traceable to the radiant watt, can be used directly to disseminate thermodynamic temperature to users with uncertainties comparable to current methods.
-However, it should be noted that unknown radiometer drift remains a problem and it is recommended that if this approach of dissemination is adopted that a HTFP be used in the institute to periodically assess the stability of the radiometer, or that at least two radiometers be used as the basis of the transfer and periodic cross comparisons be performed to confirm stability. -A detailed study should be performed to reliably quantify the corrections and uncertainties for the non-uniformity of high-temperature furnaces used as radiance sources to transfer the calibration of a reference filter radiometer to a radiation thermometer.
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